A high-performance all-solid-state flexible interdigitated carbon/TiO 2 micro-supercapacitor (MSC) with photo-rechargeable capability was prepared by combining a laser direct writing technique with electrophoretic deposition of TiO 2 nanoparticles. The carbon/TiO 2 MSC shows the same excellent capacitive performance as the pure carbon MSC, such as high specific capacitance up to 27.3 mF cm À2 at a typical current density of 0.05 mA cm
Introduction
Recently, miniaturized portable and wearable exible electronic devices have aroused worldwide research attention, but the relatively high volume and weight of the energy supply units limit the whole size of the micro-system. 1,2 Therefore, it is important to develop micro-energy storage units with small sizes and high energy and power densities, as well as integrated energy harvesting units, to make the whole micro-system self-powered. Micro-supercapacitors (MSCs) are recognized as potential power supply units for on-chip micro-devices because they possess not only the advantages of supercapacitors such as high power density, excellent cycling performance, pollution-free operation, maintenance-free features, small size, light weight, and exibility, but also simplied packaging processes, robust all solid state, and compatibility with integrated circuits. [2] [3] [4] [5] [6] [7] Commercial solar panels can be used to charge the MSCs, making the system selfpowered, but commercial solar panels usually have heavy weight and large size, limiting the miniaturization and portability of the system. It will be effective to integrate the micro-size energy harvest and storage units in the same compact system.
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A promising way is to integrate the solar energy harvest and storage parts into one unit sharing the electrodes, thus realizing a self-powered photo-rechargeable energy unit. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] A typical solar battery consists of a photo-electrode, a charge-storage electrode, and a counter electrode. In the charging mode, the photo-electrode and charge-storage electrode are connected. Aer the charging, the charge-storage electrode and counter electrode are connected to drive working devices. In some previous work, only two electrodes can also realize the same functions, where an electrode works as both the photo-electrode and the charge-storage electrode. [24] [25] [26] [27] Such a system may make the photo-charge and discharge process easy and convenient. To date, most of the reports focused on the sandwich-type photo-rechargeable system, and there are rare studies on the fabrication and demonstration of the in-plane-type photorechargeable micro-supercapacitors, possibly due to the difficulties on the design and fabrication. An in-plane-type lm cell has the advantages of thinner thickness, exibility, simple production, and the cost in the application to wearable exible electronic devices. Therefore, it is challenging, but important to explore the suitable materials and methods for the fabrication of such-type photo-rechargeable MSCs.
Carbon materials including carbon nanotubes, graphene, and graphite nanomaterials are recognized as good candidates for exible high-performance MSCs because of the adaptive properties such as high conductivity, high specic surface area, electrochemical stability, and high mechanical tolerance.
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Many methods such as lithographic and printing techniques have been developed for the fabrication and patterning of the micro-supercapacitors. 2, [32] [33] [34] [35] [36] [37] [38] [39] Compared with these methods, laser direct writing, which is a non-contact, efficient, single-step fabrication technique without requirements of masks, postprocessing, and complex clean room, is a useful patterning technique, [40] [41] [42] [43] [44] and can be easily integrated with current electronic product lines for commercial use. Laser induced carbonization from polymer lms was rst demonstrated for the fabrication of high-performance carbon MSCs by using high-power CO 2 infrared pulse lasers and 522 nm pulse lasers. [45] [46] [47] [48] [49] Recently, we demonstrated the fabrication of highperformance all-solid-state exible carbon MSCs by laser direct writing on polyimide (PI) lms in air using a relatively low-power compact continuous-wave blue-violet semiconductor laser with a wavelength of 405 nm, the power of which can almost be totally absorbed by the PI lm. 50 We further conducted the similar laser direct writing process on PI lm with only changing the air to inert atmosphere with argon (Ar) gas, resulting in highly increased conductivity, specic surface area, and pore size distribution, thus greatly improved energy and power densities. 51 Therefore, laser direct writing is a promising method for the fabrication of high-performance MSCs.
Titanium dioxide (TiO 2 ) has been widely investigated due to its unique physicochemical properties and many promising applications in energy and environmental elds ranging from solar cells and lithium ion batteries to photocatalysis and sensing.
52-54 TiO 2 is a very useful model material for the study of photo-rechargeable batteries although it can only absorb UV light. For example, Nomiyama et al. reported the sandwich-type photo-rechargeable batteries using TiO 2 nanoparticles as the main photo-absorption materials in the composite lms.
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However, there are rare studies on the in-plane-type photorechargeable micro-supercapacitors. In this work, we demonstrated the fabrication of an in-plane-type two-electrode carbon/ TiO 2 micro-supercapacitor with photo-rechargeable capability by combining laser direct writing on a PI lm in Ar with electrophoretic deposition of TiO 2 nanoparticles on one electrode. The all-solid-state carbon/TiO 2 MSC showed the same excellent capacitive performance with the pure carbon MSC without TiO 2 deposition, such as high specic capacitance, excellent cycling stability, long-time stability, and exibility. At the same time, this carbon/TiO 2 MSC exhibited strong response to UV light and can be charged to more than 100 mV under UV irradiation. Aer cycling 10 times, it can still be charged to more than 60 mV without capacitive performance degradation.
Experimental

Preparation of photo-rechargeable microsupercapacitors
The preparation of carbon electrodes on exible polyimide (PI) lms was conducted using the same method as previously reported. 51 The commercial PI lm with a thickness of 125 mm (Kapton 500H) received from Du Pont-Toray Co. Ltd. was rst cleaned with water and ethanol before laser irradiation. The laser direct writing process was then carried out in an inert environment of Ar using the same experimental setup as reported in our previous work. A sample box with a quartz window for laser irradiation and a gas inlet and outlet was employed to provide an inert environment by means of an Ar gas ow. A schematic illustration of the laser writing system is shown in Fig. S1 . † The laser power was xed at a typical value of 157 mW in this work. Aer laser writing, the samples were rinsed with acetone and water to remove surface dust which was produced as by-products during the laser-induced carbonization. Plasma treatment of the samples was conducted by air-plasma etching for 100 s (JEOL, JFC-1500).
For the preparation of carbon/TiO 2 composite electrodes, laser-irradiated parts of the PI lm were rst connected to conductive copper tape using Ag paste in order to fabricate into a micro-cell for electrophoretic deposition of TiO 2 nanoparticles. PI tape was employed to dene the effective interdigitated area of the electrodes and avoid direct contact between the electrolyte and the electrode pad areas. Aer airplasma etching for 100 s (JEOL, JFC-1500) to make the surface hydrophilic, 300 mL of the 6 nm TiO 2 dispersion (1 wt% of an acidic anatase sol TKS201, average diameter 6 nm, TAYCA) was dropped onto the active area. The electrophoretic deposition process was conducted in a two-electrode electrochemical system under a voltage of 3 V for 3 h. Aer deposition, the active area was cleaned with deionized (DI) water and dried in air. PVA/H 2 SO 4 polymer electrolyte was prepared by stirring 1 g of poly(vinyl alcohol) (PVA, M w ¼ 89 000-98 000, Sigma-Aldrich) in 10 mL of DI water and 1 mL of sulfuric acid (98%, Sigma-Aldrich) for 4 hours at 95
C. The microsupercapacitors with photo-rechargeable capability were fabricated by dropping the PVA-H 2 SO 4 electrolyte (150 mL) onto the active area on the PI substrate and removing excess water by placing the substrate overnight in a desiccator connected to a vacuum pump.
Characterization
The samples were characterized by scanning electron microscopy (SEM, Hitachi S4800, 10 kV), transmission electron microscopy (TEM, JEOL 2010), and X-ray photoelectron spectroscopy (XPS, Perkin Elmer PHI5600). Raman spectra were measured on a micro-Raman spectrometer equipped with an optical microscope (Olympus BX51), a 532 nm DPSS CW laser (MGL-H-532 nm-1W, CNI), a CCD camera (DV401, Andor Technology), and a monochromator (MS257, Oriel Instruments Co.). The samples for TEM measurement were powders scraped from laser written lms. Other characterizations were conducted directly on the lms. X-ray diffraction pattern of TiO 2 nanoparticles was collected using a diffractometer (Rigaku RintUltima III) with Cu Ka (l ¼ 1.54187Å) radiation.
Electrochemical measurements of microsupercapacitors
Cyclic voltammetry (CV) and galvanostatic charge-discharge (CC) measurements were carried out using an electrochemical workstation (HZ-5000, Hokuto Denko Ltd.) and a DC Voltage and Current Source Monitor 6241A (ADCMT Corporation), respectively. Electrochemical impedance spectra measurements were conducted using a Hioki 3522 LCR HiTESTER over a frequency range from 10 mHz to 100 kHz. For the bending experiments, an MSC was xed on a series of stainless steel tubes with various curvatures before CV curves were measured.
The calculation of the specic capacitances (C A , mF cm À2 ) of the MSCs from the CV curves was based on the following equation:
where A is the area of the active electrodes (cm 2 ), v is the scan rate (V s À1 ), V f and V i are the vertex potentials of the CV scan, and I(V) is the current as a function of potential (A).
IðV ÞdV is the numerically integrated area of the CV curve. The calculation of the specic capacitances (C A , mF cm À2 ) of the MSCs from the CC curves was based on the following equation:
where I is the discharge current (A), A is the projected area of active electrodes (cm 2 ), and dV/dt is the slope of the galvanostatic discharge curves.
Photo-rechargeable capability measurements of carbon/ TiO 2 micro-supercapacitors
Two-electrode electrochemical system was employed to measure the photo-rechargeable capability of the carbon/TiO 2 MSC with positive electrode and negative electrode connected to carbon/ TiO 2 electrode and opposite carbon electrode, respectively. The UV light was provided by a 150 W xenon lamp (L2274, HAMA-MATSU) with a UV transmitting lter (UTVAF-50S-33U, SIGMA KOKI Japan), and a PC-controlled shutter unit (F77-6, SURUGA SEIKI) was used to switch the light on and off.
Results and discussion
Morphology and structure
A schematic illustration of the fabrication process for the carbon/TiO 2 composite electrode is shown in Fig. 1 . The interdigitated carbon electrodes were rst fabricated by laser direct writing on a clean polyimide (PI) lm in Ar at a typical laser power of 157 mW. The carbon electrodes were then connected to the external circuits with Cu tape and Ag paste, which are protected by PI tape to avoid the contact between electrodes and electrolyte. Air-plasma etching was employed to modify the surface wettability of the carbon electrodes from hydrophobic to superhydrophilic. Aer 300 mL of the TiO 2 dispersion (1 wt%) dropped onto the active area, the electrophoretic deposition process was conducted in a two-electrode electrochemical system under a voltage of 3 V for 3 h. It should be noted that asreceived TiO 2 nanoparticles are anatase phase and have a diameter less than ten nanometers, which are also conrmed by the XRD pattern and TEM image (Fig. S2 †) . Aer deposition, the electrodes were cleaned with DI water and PVA/H 2 SO 4 electrolyte (150 mL) was dropped onto the active area on the PI substrate. Aer removing excess water by placing the substrate overnight in a desiccator connected to a vacuum pump, the allsolid-state asymmetric MSC with one carbon/TiO 2 electrode and one carbon electrode was prepared successfully. The carbon layer obtained by laser direct writing in Ar at a typical laser power of 157 mW before electrophoretic deposition of TiO 2 nanoparticles shows the same structures with our previous work, exhibiting a smooth surface with many internal nano-and micro-pores and a thickness of about 12 mm (Fig. S3 †) . The areal loading of the carbon materials is about 0.8 mg cm
À2
, which was calculated by weighing the carbon powder scraped from the laser-writing parts. The current curve during the electrophoretic deposition process is shown in Fig. S4 . † It should be noted that hydrogen and oxygen gases are evolved from the electrodes during the electrophoretic deposition process because of the relatively high voltage. Fig. 2 shows the SEM images of the sample aer electrophoretic deposition of TiO 2 nanoparticles. In  Fig. 2a , the top dark branch is the negative electrode, on which there are only few TiO 2 nanoparticles on the surface because of the physical adsorption. Compared with the negative electrode, the positive electrode of the bottom branch became relatively bright in the SEM image. It also shows a smooth surface although there are some cracks due to stress in the carbon structures (Fig. 2b ). An enlarged SEM image in Fig. 2c indicates a thick layer of TiO 2 nanoparticles on the surface. The high-resolution SEM image in Fig. 2d clearly shows the TiO 2 nanoparticles on the surface. The thickness of the TiO 2 layer was less than 200 nm from the cross-sectional SEM image although the exact determination of the thickness is difficult because of the rough surface of the porous carbon layer. Considering the average size of TiO 2 nanoparticles from TEM image (ca. 6 nm), the areal loading of the TiO 2 layer was estimated to be less than 0.06 mg cm
The typical Raman spectra of carbon structures and carbon/ TiO 2 composites are shown in Fig. 3a 58 thus conrming the deposition of TiO 2 nanoparticles on the carbon surface. XPS spectra in Fig. 3b indicate the carbon peaks were greatly reduced and the Ti and O peaks become dominated, further demonstrating the formation of TiO 2 -oncarbon composite structures. Therefore, the carbon/TiO 2 electrode can be facilely prepared by combining laser direct writing technique with electrophoretic deposition of TiO 2 nanoparticles.
Capacitive performance of the carbon/TiO 2 microsupercapacitor
Aer electrophoretic deposition of TiO 2 nanoparticles, PVA/ H 2 SO 4 electrolyte was dropped onto the active area and dried, forming an asymmetric MSC with a carbon/TiO 2 electrode and pure carbon electrode (Fig. S5 †) . The electrochemical performance of the carbon/TiO 2 MSC was rst evaluated by cyclic voltammetry (CV) and galvanostatic charge-discharge (CC) measurements. Fig. 4a shows the CV curves at low scan rates for the typical carbon/TiO 2 MSC prepared by laser direct writing in Ar at 157 mW with air-plasma treatment for 100 s and electrophoretic deposition of TiO 2 nanoparticles at 3 V for 3 h, which exhibit stable quasi-rectangular shapes, indicating electrochemical double-layer (EDL) capacitive properties. The CV curves at relatively high scan rates also suggest apparent EDL capacitive properties (Fig. 4b) . Fig. 4c plots the specic areal capacitances (C A ) calculated from the CV curves as a function of scan rate. The C A at a typical scan rate of 10 mV s À1 is 15.5 mF cm À2 , which is comparable with the 16 mF cm À2 for the pure carbon electrodes. The carbon/TiO 2 MSC shows a little lower capacitance than pure carbon electrodes at low scan rates, but higher capacitances at high scan rates. The CC curves of the carbon/TiO 2 electrode are shown in Fig. 4d , all of which exhibit capacitive triangular shapes. The corresponding C A values calculated from the CC curves as a function of current density is shown in Fig. 4e . The typical capacitance at a current density of 0.05 mA cm À2 is 27.3 mF cm À2 , which is a little lower than the 28.8 mA cm À2 for pure carbon MSC with air-plasma treatment.
The carbon/TiO 2 MSC shows a little lower specic capacitance with the pure carbon MSC at low current densities, but higher capacitances at high current densities (Fig. 4e) . It should be noted that the typical capacitances calculated from either CV curve or CC curve are higher than those for most of the MSCs based on carbon materials, even for carbon nanotubes and graphene. The electrochemical impedance spectra (EIS) of both carbon/TiO 2 MSC and pure carbon MSC are shown in Fig. 4f . The relatively vertical slope of the Nyquist plot for carbon/TiO 2 MSC in the low-frequency region suggests better capacitive behaviour than pure carbon MSC. Although the intercept on the real axis for carbon/TiO 2 MSC is 123 U, higher than the 52 U for pure carbon MSC, indicating that carbon/TiO 2 MSC has a larger equivalent series resistance, a shorter Warburg region and smaller diameter semicircle in the high-and mid-frequency regions for carbon/TiO 2 MSC suggest a lower charge-transfer resistance and a more efficient ion diffusion process than those for pure carbon MSC. Therefore, the carbon/TiO 2 MSC exhibits a comparable capacitive performance with pure carbon MSC. The cycling stability, long-time stability, and mechanical stability were studied, which are very important for practical use. The cycling stability of carbon/TiO 2 MSC was measured over 10 000 CV cycles at a scan rate of 50 mV s À1 , showing no capacitance degradation (Fig. 5a ). The excellent cycling stability can be ascribed to the high stability of the carbon/TiO 2 electrode and the interface between the electrode and the electrolyte. The small change of the CV shapes aer the cycling measurement may imply that the interface between carbon/ TiO 2 electrodes and the electrolyte became more stable and capacitive with cycling scan (Fig. 5b) . Surprisingly, the carbon/ TiO 2 MSC shows an increase specic capacitance and a more capacitive behaviour even aer 3 months kept in air (Fig. 5c) , which is much better than the MSC based on multi-walled carbon nanotubes with PVA/H 3 PO 4 electrolyte. 59 This result suggests that the carbon/TiO 2 layered hybrid structures are very stable under the acidic condition and the MSC becomes more capacitive due to the osmosis of electrolyte through the pores in the carbon electrode. The mechanical stability of a typical carbon/TiO 2 MSC was evaluated by bending the MSC tightly on a series of stainless steel tubes with different diameters. The CV curves in Fig. 5d indicate similar capacitive shapes with no apparent capacitance degradation, even for the MSC bent to a curvature radius of 3 mm and folded 180 degrees, suggesting an excellent exibility and mechanical stability. Therefore, the carbon/TiO 2 MSC shows excellent cycling stability, long-time stability, and exibility.
Photo-rechargeable capability of the carbon/TiO 2 microsupercapacitor
The evaluation for the photo-rechargeable capability of the carbon/TiO 2 MSC was carried out using an electrochemical workstation in dark and under UV light irradiation. The UV light was provided by a Xe lamp with a UV transmitting lter (UTVAF-50S-33U, Sigmakoki, Japan), and a shutter was employed to control the light on and off. Fig. 6a shows the current density of the typical carbon/TiO 2 electrode in dark and under UV light irradiation. The MSC in dark shows a current of about 0.5 mA cm À2 at rst and it gradually decreased, which can be attributed to the slow balance process of the potential difference between the carbon/TiO 2 electrode and the opposite carbon electrode. Under UV light irradiation, the MSC exhibits a stable current of about 1.6 mA cm À2 , three times of the 0.5 mA cm À2 in dark, suggesting a photocurrent induced by the UV light irradiation. Fig. 6b shows the current changes of the carbon/TiO 2 MSC when the UV light was switched on or off, which exhibits a fast and stable response to UV light. The potential change between two electrodes was also monitored when the UV light was on or off. As shown in Fig. 6c , the carbon/ TiO 2 MSC in dark shows a low potential of about 13 mV due to the interfacial potential difference between two electrodes. On the other hand, when the UV light turned on, the potential was increased to more than 100 mV within 10 min. If the light turned off, the potential was dropped gradually due to the self- discharge, indicating that the potential also shows fast and stable response to the UV light. Fig. 6d shows the potential change curve of the carbon/TiO 2 MSC during the charge process under UV light irradiation without external applied current for 500 s and discharge process at a current density of 1 mA cm À2 .
Compared with the control potential change curve without UV light irradiation, the carbon/TiO 2 MSC shows a much higher potential, suggesting the photo-chargeable capability of the carbon/TiO 2 MSC. The cycling properties were also studied. As shown in Fig. 6e , the carbon/TiO 2 MSC can still be charged to more than 60 mV under UV light aer 10 cycles, indicating a photo-rechargeable capability. The voltage decay in the initial several cycles may be caused by the TiO 2 /electrolyte interface change due to ion diffusion aer UV light irradiation, and the interface gradually became stable aer several photo-charging cycles. It should be noted that the capacitive performance shows no degradation aer 10 cycles, suggesting the stability of the carbon/TiO 2 MSC structures under UV light (Fig. 6f) . A tentative photo-charging mechanism was proposed as shown in Fig. 7 . When the UV light is switched on, the TiO 2 nanoparticles absorb the UV light and the valence electrons are excited to the conduction band. Then the exited electrons are transferred to the underneath carbon electrode and then to the opposite carbon electrode, nally stored in the interface between carbon structures and electrolyte in the manner of electrochemical double-layer; while the holes may be stored at the interface between TiO 2 nanoparticles and the electrolyte in the same manner or transferred to the electrolyte. In the discharge state, the electrons stored in the carbon electrode will move back to the carbon/TiO 2 electrode to drive the external circuit. Therefore, we demonstrated a new in-plane-type carbon/ TiO 2 micro-supercapacitor with photo-rechargeable capability by combining laser direct writing technique for patterning carbon electrodes with electrophoretic deposition of TiO 2 nanoparticles, although the performance is capable of improvement. The relatively low voltage charged by UV light irradiation may be due to the thin thickness of the TiO 2 nanoparticle lm limited by the electrophoretic deposition. On one hand, the low areal amount of TiO 2 nanoparticles leads to insufficient absorption of UV light, thus the relatively low voltage. In addition, the low areal amount of TiO 2 nanoparticles cannot provide enough surface area to store the photogenerated holes. Therefore, with increase of the thickness of the TiO 2 layer by other methods such as drop casting followed by laser patterning or electrochemical deposition, more UV light may be absorbed and stored, thus the MSC can be charged to a higher potential. Besides, other visible-light-absorption materials or combination systems which can absorb visible light, may store more photo energy effectively. Therefore, it can be expected that with careful design for structures and materials the high-performance photo-rechargeable microsupercapacitors can be patterned by the laser direct writing technique followed by the selective deposition methods such as electrochemical deposition or layer-by-layer laser direct writing method.
Conclusion
We demonstrated the fabrication of high-performance carbon/ TiO 2 micro-supercapacitors with photo-rechargeable capability by combining laser direct writing on polyimide lm in Ar with electrophoretic deposition of TiO 2 nanoparticles. The carbon/ TiO 2 MSC exhibits a comparable capacitive performance as pure carbon MSC, showing a typical specic capacitance of 27.3 mF cm À2 at a current density of 0.05 mA cm À2 , excellent cycling stability, long-time stability, as well as mechanical stability. The carbon/TiO 2 MSC can be charged to above 100 mV under UV , (e) the potential change at different photo-charge and discharge process, and (f) CV curves of initial cycle and MSC after 10 photo-charge and discharge cycles (scan rate 5 mV s À1 ). light irradiation, and still keep 60 mV aer 10 photo-charging cycles, demonstrating the photo-rechargeable capability. Although the photo-chargeable performance of this new type device was capable of improvement, it is expected that this work can provide some thoughts for the fabrication of highperformance photo-rechargeable micro-supercapacitors, even totally self-powered in-plane-type exible systems.
